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In order to solve the problems of conventional water injection development difficulties and low recovery factor in low-permeability reservoirs, the method of high-pressure air drive is adopted to achieve the purpose of reservoir energy enhancement and efficiency improvement. This paper conducted an experimental study on the mechanism of low-temperature oxidation (LTO) for crude oil in the process of high-pressure air flooding, elaborated the relationship between the LTO properties of crude oil and the temperature, pressure, and water saturation of the reservoir, and analyzed the differences in LTO oxygen consumption and oil components under different reaction conditions. In addition, combined with the air flooding physical simulation experiment, the dynamic evolution law of recovery rate in the air flooding process was revealed. Findings from this inquiry indicate that an escalation in the oxidation temperature significantly amplifies the oxygen incorporation reaction within the crude oil matrix. This augmentation in oxidative conditions leads to an uptick in oxygen consumption, which subsequently precipitates a reduction in the lighter fractions of the oxidized oil while enriching its heavier components. Elevated pressures were found to enhance the propensity for the amalgamation of unstable hydrocarbons with oxygen, fostering comprehensive and heterogeneous oxidation reactions. Notably, an excessive presence of water was observed to detrimentally affect the thermal efficacy of crude oil oxidation processes. In the context of low-permeability reservoirs, air injection techniques have emerged as superior in effectuating oil displacement, although an increase in injection pressures has been associated with the phenomenon of gas channeling. Interestingly, adopting a sequential strategy of initiating water flooding before air flooding facilitated the conveyance of high-pressure air via established flushing channels, although it appeared to attenuate the intensity of crude oil oxidation, culminating in an oil recovery efficiency peaking at 51%.
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1 INTRODUCTION
In recent years, along with the progress in exploration and utilization , the proportion of domestic newly proved reservoirs classified as low-permeability, extra-low-permeability, and tight oil reservoirs has significantly increased. Consequently, the challenges of using undeveloped reservoirs have also grown constantly, leading to higher technical demands for their development (Mokhtari et al., 2022; Gao et al., 2023; Liu et al., 2023; Shi et al., 2023; Zhang et al., 2023). Extra-low permeability and tight reservoirs can be hydraulically fractured to induce fracture expansion and modify the reservoir, thereby increasing flow pathways and improving seepage capacity (Cao et al., 2024a; Cao et al., 2024b; Jia et al., 2024). The conventional reservoir adopted the water injection mining method for low-permeability reservoirs; however, widespread problems such as “injecting not, extracting not” have emerged. Enhancing recovery effectiveness in low-permeability reservoirs has thus become an emergency issue. Research demonstrated that gas injection could notably increase the effectiveness of low-permeability reservoir exploitation because gas molecules were compressible, buckling, and expanding with greater elastic energy, thus supplementing the energy of the formation and enhancing recovery (Wang et al., 2021; Matkivskyi, 2022; Zeng et al., 2022; Liao et al., 2023). Air offered advantages such as a lower financial burden and stabilized components compared to other gas media. Hence, air injection exploitation held major significance for the conversion of low-permeability reservoir reserves into yield and profitability (Nevmerzhitskiy, 2022; Zhang and Hao, 2022; Gu et al., 2023).
Aiming at the oxidation mechanism of reservoir air injection exploitation and recovery enhancement, both domestic and foreign experts and scholars have carried out widespread research. Bastow et al. (2003) investigated the effect of air on alkyl phenols in crude oil, where prolonged exposure to air resulted in crude oil oxidation and affected the distribution of alkyl phenols. Gundogar and Kok (2014) considered that the heat release during the oxidation process was greater when the content of asphaltenes in crude oil was higher. Atmospheric oxygen facilitated the conversion of the light hydrocarbon components of crude oil to higher molecular hydrocarbons in the presence of a catalyst (Nosova et al., 2018). Cheng et al. (2023) modified the oxidation numerical model by incorporating the geological characteristics of low-permeability reservoirs. CMG STARS was adopted to investigate the impacts of formation permeability, temperature, gas injection rate, and bottom-hole pressure on air flooding. Verşan Kök et al. (2017) and Kok et al. (2020) examined oxidation reaction regulations in both light and heavy oils using a thermogravimetric analyzer and differential scanning calorimeter; they believed that the oxidation phase was divided into two steps, namely low-temperature oxidation (LTO) and high-temperature oxidation (HTO) reactions, with LTO being a multistep sequential reaction. Amine Ifticene et al. (2022) investigated the combustion and transformation behavior of asphaltenes, caseinates, and oil shale in an airy atmosphere, as well as the kinetic mechanisms. Ren et al. (2002) explored the oxygen consumption potential, reaction rate, and reaction pathway of the LTO reaction, which depended on the nature of oil and oxygen concentration at low oil saturation and low oxygen partial pressure. Liao et al. (2020) revealed the features of the crude oil oxidation reaction in the whole temperature domain of air injection from 30°C to 600°C through simulation experiments, classified the crude oil oxidation reaction with air injection into four temperature intervals, and summarized the oxidation reaction mechanism among various temperature intervals. Yuan et al. (2021); Yuan et al. (2022) presented the discrepancies and linkages among the various crude oil composition oxidation processes developed by air injection, addressed the capability of distinct categories of catalysts to catalyze intensified crude oil combustion, and elaborated on the dilemmas and strategies associated with the challenges involved in air injection (Ariskina et al., 2020). The mechanism of high-pressure air drive development was complicated; the majority of current studies are based on the crude oil oxidation thermodynamic model and the related mechanism research is not perfect. At the same time, most of the scholars tend to focus on theoretical research that is not combined with actual field applications; they rely on physical simulations that are less in line with the actual mining conditions, thereby limiting their ability to guide field production and development.
Furthermore, this study examined the effect of reservoir temperature, pressure, and water saturation on the LTO properties through an oil oxidation test. Considering the actual reservoir environment, long-core physical simulation laboratory experiments were applied to evaluate the characteristics of air flooding and subsequent water flooding after air flooding for oil recovery at various injection pressures. High-pressure air injection development is of great significance for both reserve conversion and the development of low-permeability reservoirs. The results of the research provide the basic theoretical evidence for the economic and efficient development of low-permeability reservoirs by injecting high-pressure air and provide technical support for the development of low-permeability oilfield mines.
2 METHODS
2.1 Materials and apparatuses
The crude oil was obtained as degassed oil from the Xinjiang oilfield, following the treatment procedure stipulated in the industry standard SY/T 6316–1997 “Methods for analyzing fluid properties in heavy oil reservoirs: determination of crude oil viscosity.” The samples were then dewatered and de-admixed. The oil viscosity was 57 mPa s after treatment, and the experimental core was an artificial low-permeability sandstone core, with core data parameters listed in Table 1 for various testing groups. The experimental gas used was high-pressure compressed air (purity 99.99%) containing 20.974% oxygen.
TABLE 1 | Core parameters of various experimental groups before displacement.
[image: Table 1]In accordance with various ions in the oilfield water inspection report, the formation water was prepared in the laboratory. Its total mineralization was 12,396.02 mg/L, pH value was 8.02, and density was 1.0178 g/cm3. Based on Surin’s classification, this formation water belonged to the sodium bicarbonate water type. The details of various ions and water-soluble salt levels of this formation water are provided in Table 2.
TABLE 2 | Contents of ions and water-soluble salts in formation water.
[image: Table 2]The experimental apparatus comprised a high-temperature and high-pressure reactor, a DGM-Ⅲ multi-function core replacement apparatus (Chengdu Core Science and Technology Co., Ltd.), an Agilent 6890 Gas Chromatograph (GC), an Agilent 7890B GC, an FB-45/7 oil-free air compressor, a heating device, and an ES-100A constant-speed constant-pressure pump.
2.2 Low-temperature oxidation experiment of crude oil
The laboratory equipment consists of a reactor, air compressor, pressure and temperature detection device, gas chromatograph, and liquid chromatograph. The reactor capacity was 200 mL, with temperature resistance at 400°C and pressure resistance at 70 MPa. We investigated the influence of various temperatures, pressures, and water saturations on the oxidation properties at low temperatures of crude oil. The experimental procedure involved the following: first, the device tightness was inspected, the crude oil was incorporated into the reactor, and the reactor was filled with air up to the reservoir pressure of 24 MPa. Subsequently, the reactor was inserted into a heating device, with the experimental temperatures (60°C, 80°C, 100°C, and 120°C) set to perform LTO experiments. The oxidation period was 7 days, during which the gas and liquid phases of the oxidation reaction were characterized by chromatographic analysis. In agreement with the previous oxidation experiments, the reservoir temperature was set at 80°C, the experimental pressure was altered (16 MPa, 24 MPa, 32 MPa, and 40 MPa), and the experiments were repeated. Finally, the reservoir pressure and temperature were kept constant, the crude oil water saturation was varied (0, 20%, 40%, 60%, and 80%), and the experiment was repeated, keeping the oil–water volume sum at 40 mL.
2.3 High-pressure air flooding physics simulation experiment
Long cores were used to carry out air flooding experiments aimed at the target blocks to investigate oil recovery during air flooding, followed by water flooding at varying displaced pressures. The laboratory procedure is shown in Figure 1. The long cores were evacuated and saturated with formation water. Then, the formation water was driven off with crude oil up to the saturated oil phase, thus calculating the bound water saturation and saturated oil content. The above steps were repeated to gain six groups of laboratory long cores, whose physical parameters are listed in Table 1. Maintaining the experimental temperature at 80°C and adopting air displacement with constant injection pressure (16, 24, and 32 MPa), respectively, the pressures, injection volumes, and oil and gas production of the injection end and exit section of cores #1, #2, and #3 were measured. Cores #4, #5, and #6 were initially water-flooded, followed by air flooding until the economic limit was reached, using the same injection pressure gradients (16 MPa, 24 MPa, and 32 MPa) as before.
[image: Figure 1]FIGURE 1 | Flow chart of the air flooding physical simulation experiment.
3 RESULTS AND DISCUSSION
3.1 Effect of pressure on crude oil oxidation properties
Figure 2 shows the details of the variation in oxygen content and oxygen consumption following oxidized oil at various pressures. In contrast, the oxygen consumed in crude oil oxidation occurred more rapidly with increasing oxidizing pressure, while the oxygen content of the output gas was lowered. Owing to increasing oxidation pressure, the air solubility of crude oil increased, and unstable hydrocarbons within crude oil contacted more oxygen inside the air to undergo the LTO reaction (Zhao et al., 2022; 2023). Following oxidation time addition, the depth of the oxidation reaction was intensified further, thus more oxygen was depleted.
[image: Figure 2]FIGURE 2 | Variation in oxygen content and oxygen consumption of crude oil upon oxidation at various pressures. (A) Oxygen content and (B) oxygen consumption.
Fractional transformation in crude oil upon oxidation at various pressures for 7 days and the percentage content of different carbon number intervals are presented in Figure 3. Owing to the fact that the hydrocarbon composition in crude oil underwent an LTO reaction upon exposure to oxygen in the air, a variety of oxygen-containing derivatives were formed. However, hydrocarbons with varied carbon numbers in crude oil possessed distinct oxidation activeness, and therefore, C5–C35 was partitioned into four intervals. Following oxidation at 40 MPa, compared to crude oil, the C5–C14 amount decreased by 46.23%, the C15–C20 amount increased by 15.77%, C21–C28 amount increased by 41.14%, and >C28 amount increased by 101.01%. The oxygen addition reaction in crude oil was intensified with higher oxidation pressure. The activated hydrogen was substituted with oxygen atoms, generating oxygen-containing derivatives that would further experience the aromatization, condensation, and polycondensation processes to form macromolecules with higher condensation degrees.
[image: Figure 3]FIGURE 3 | Percentage of various carbon number intervals at different oxidation pressures.
3.2 Effect of temperature on crude oil oxidation properties
The LTO period of crude oil mainly involved two main categories of reactions (Zhao et al., 2019; Pu et al., 2020): oxy-addition reaction to form hydroperoxides and isomerization and decomposition with hydroperoxides to produce peroxides such as ketones, alcohols and aldehydes, CO, CO2, and H2O. The variations in the oxygen content and oxygen consumption of the crude oil oxidized at varied temperatures are illustrated in Figure 4.
[image: Figure 4]FIGURE 4 | Variation in oxygen content and oxygen consumption of crude oil upon oxidation at various temperatures. (A) Oxygen content and (B) oxygen consumption.
It was observed that the volume of oxygen consumption of crude oil during oxidation increased at elevated oxidation temperatures. The oxygen consumption during oxidation was only 1.724% at 60°C, indicating that the oxy-addition reaction was weak. The oxygen content of residual gas upon crude oil oxidation for 7 days was 17.664%, with oxygen consumption of 3.31% as the oxidation temperature reached 120°C. Practically, along with the warming of the oxidation temperature and higher thermal energy offered by external sources, the Brownian motion of oxygen molecules within the gas accelerated, which easily collided and integrated with the reactive components of crude oil susceptible to reaction, thus facilitating the process of the oxygen addition reaction and intensifying the oxidation degree. The crude oil oxidized at low temperatures would produce peroxides, with the oxygen consumption speed growing; hence, the corresponding oxygen consumption would be substantially enlarged.
As evidenced in Figure 5, the lighter components with lower carbon numbers exhibited a decreasing trend with increasing oxidation temperatures in comparison with crude oil, while the medium and heavy components with higher carbon numbers tended to increase. The component carbon numbers C5–C35 were categorized into four regions to better reflect the temperature effect on oxidized properties within the oil samples. In contrast to the original oil compositions, C5–C14 of oil samples oxidized at 60°C was reduced by 4.25%. The C5–C14 content of the oxidized oil samples decreased by 42.52% upon the 120°C oxidation temperature, while the C21∼C28 and >C28 contents increased by 36.53% and 68.36%, respectively, at this point. With increasing visible oxidation temperature, the oxidative addition reaction of the crude oil intensified; a majority of light components (C5–C14) converted into heavy components (C21 ∼ C28 and > C28), while the molecular interactions among the resin and asphaltene in heavy components formed a spatial mesh structure, which explained the increase in the viscosity and density of oxidized oil (Jin et al., 2022; Akande et al., 2023; Zhai et al., 2023).
[image: Figure 5]FIGURE 5 | Percentage of various carbon number intervals at different oxidation temperatures.
3.3 Effect of water saturation on crude oil oxidation properties
Discrepancies in the water saturation of various reservoirs might contribute to alterations in the oxidation properties of crude oil. As illustrated in Figure 6, the oxygen content of the output gas following the oxidation of crude oil increased as water saturation increased, reducing oxygen demand in turn. The oxygen content increased from 18.09% to 20.466% after 7 days of oxidation, with a corresponding reduction in oxygen consumed by 2.38% upon water saturation increasing up to 80% from 0. The volume of oxygen consumed by crude oil during the oxidation reaction decreased in response to higher water saturation, accompanied by a corresponding decrease in oil saturation. Verşan Kök et al. (2021) and Kok et al. (2022) concluded that the oxidation reaction with crude oil was generally characterized by three phases: LTO phase (<350°C), FD phase (350°C–400°C), and HTO phase (>400°C). Distillation and evaporation of light components within the crude oil, as well as oxygen atom addition reactions, normally occur during the LTO stage. The oxygenation reactions involved the generation of several hydrocarbon derivatives, including alcohols, aldehydes, ketones, acids, and peroxides, among others. Extremely little CO2 was produced over the period; therefore, the gas chromatographic analysis did not reveal any noticeable alteration in CO2.
[image: Figure 6]FIGURE 6 | Variation in oxygen content and oxygen consumption of crude oil upon oxidation at various water saturation values. (A) Oxygen content and (B) oxygen consumption.
The percentage content of light components increased after the oil oxidation reaction, as illustrated in Figure 7; meanwhile, the medium and heavy composition percentage contents declined. The components C5–C35 were partitioned into four regions depending on the oxidation activity. The oxidized oil samples with 80% water saturation exhibited an increase of 46.92% in C5–C14 compared with 0 water saturation, a decrease of 12.96% in C15–C20, a decrease of 22.92% in C21–C28, and a decrease of 34.41% in >C28. This explains why higher water saturation is unfavorable to crude oil oxidation. Contrary to the temperature effect on oxidation characteristics in crude oil, crude oil oxidation would become weaker along with the increase in water saturation, attributed to the fact that the water-containing situation would affect the thermal efficiency generated by crude oil oxidation, which is detrimental to heat diffusion, while heat loss was serious.
[image: Figure 7]FIGURE 7 | Percentage of various carbon number intervals at different water saturation values.
3.4 High-pressure air flooding experimental analysis
3.4.1 Oil recovery factor
The variation in oil recovery with various gas injection pressures is depicted in Figure 8. The ultimate oil recovery of the long core increased from 37.1% to 40.2% as gas injection pressure increased from 16 to 32 MPa. Owing to greater gas mobility in the pores and throats, as well as viscosity discrepancies in gas and crude oil, sufficient initial contact of air with crude oil in the form of small discontinuous bubbles occurs, dissolving more air into crude oil and enabling crude oil expansion and elastic energy. The unstable hydrocarbons of crude oil interact with the oxygen of air in the non-homogeneous LTO reaction (Li et al., 2017; Li et al., 2020; Chen et al., 2018; 2019; Zhao et al., 2024); thus, heat generated by the oxidation reaction could lower crude oil viscosity. On one hand, a portion of the produced CO2 could dissolve into the oil, resulting in reduced viscosity. On the other hand, the flue gas, formed together with CO, N2, and volatilized light hydrocarbon components, contributes to further displacing crude oil. Gas pressurization plays a dominant role in boosting the formation energy and elasticity energy of oil dissolved in air. The post-experimental permeability of different experimental groups of cores is shown in Table 3. The permeability of experimental groups of cores was unchanged during air flooding; the process of air flooding would change crude oil properties in contact with air, and a variety of mechanisms would drive the crude oil out of the core pore space.
[image: Figure 8]FIGURE 8 | Variation in oil recovery from cores #1, #2, and #3 at various injection pressures.
TABLE 3 | Post-experimental permeability of different experimental groups of cores.
[image: Table 3]With further expansion of air injection, the gas breakthrough accelerated to form gas channeling. Oil recovery grew slower following gas scrambling, at which time it was mostly the high-speed carrying function of high-pressure air that allowed the residual oil in the gas flow channel to be extracted. As illustrated in Figure 9, various injection pressures correspond to different gas channeling points. The higher the injection pressure, the earlier the gas flushing occurred, which would lead to a worse development effect. Meanwhile, the gas–oil ratios of the experimental tests were similar when the gas channeling occurred. With increased gas injection pressure, crude oil on the pore wall was stripped off, enlarging the space for gas and oil flow and reducing resistance, which increased the likelihood of gas channeling occurring sooner, corresponding to smaller injection PV. The gas–oil ratio increased rapidly after gas channeling. After the occurrence of gas channeling, it mainly depended on the high-speed carrying effect of high-pressure air to drive out the residual oil in the gas flow channel, and the growth of the recovery factor was slow, which affected the development effect of the reservoir. Therefore, the gas injection parameters could be optimized in the practical production of the oilfield to improve the reservoir development effect.
[image: Figure 9]FIGURE 9 | Variation in gas-oil ratio from cores #1, #2, and #3 at various injection pressures.
In the case of low-permeability reservoirs, the characteristics of small pore throat scale, poor permeability performance, non-Darcy seepage effect of liquids, and serious microscopic non-homogeneity contribute to the difficulty of water injection to establish an effective replacement pressure system, as well as the still large amount of residual oil requiring appropriate successor extraction technology after water flooding. As shown in Figure 10, the injection PV counts sequentially enlarge in accordance with injection pressure decline, while water flooding reaches the economic limit, and the water flooding oil recovery could achieve 41.2% at most. Since more water entered into the tiny pores to replace crude oil during high injection pressure, in addition to the “finger-in and bypass phenomenon” that occurred in advance, the water content increased rapidly upon water sighting at the extraction side, corresponding to the smaller number of injected PV. During subsequent air flooding, the water flow is greater, and the dissolution and expansion effect is stronger; thus, the air injection could continue to drive off the residual oil in the core. Yet, residual oil following water flooding was dispersed among the tiny pores, while crude oil suffered from insufficient contact oxidation time during the replacement process, resulting in poor oxidizing action of the air upon crude oil. As a result, once the airflow channel formed in the large pore throat, high-speed airflow was transported directly along the channel, unable to adequately replace residual oil in the tiny pores, causing a rapid increase in the gas production rate and a limited increase in oil expulsion efficiency, thereby reducing the oil expulsion efficiency of air flooding to less than 10%.
[image: Figure 10]FIGURE 10 | Variation in oil recovery water flooding subsequent air flooding from cores #4, #5, and #6 at various injection pressures.
3.4.2 Produced oil and produced gas analysis
Distinct from the general gas displacement process, the oxygen in the air during air injection would undergo the LTO reaction with crude oil, resulting in a series of property changes such as crude oil viscosity, density, and composition, thereby affecting the final oil recovery factor. In accordance with the theory of the oxidation reaction, crude oil mainly reacted with oxidative addition at temperatures lower than 150°C. Oxygen atoms were attached to the molecular chains of liquid hydrocarbons through free radical reactions, generating oxidized derivatives such as peroxides, ketones, alcohols, aldehydes, and acids, causing a tendency to increase the viscosity of the oil samples. Furthermore, the more pronounced the oxidative addition reaction, the greater the increase in viscosity of the oil sample. Therefore, by analyzing the viscosity change of the produced oil samples, we can reflect the LTO process of the oil samples to some extent. Figure 11 depicts the variation in produced oil viscosity during the air drive process. Upon increasing the amount of injected air, more air would be dissolved in the crude oil. There are increased opportunities for the LTO reaction of crude oil when the contact time between air and crude oil becomes longer. As observed in the figure, the viscosity increase of the produced oil was not clear with increased air injection, indicating that the LTO process of oil during subsequent air flooding was quite weak.
[image: Figure 11]FIGURE 11 | Viscosity of the oil produced by the air flooding process.
Figure 12 illustrates the results for the comparison of produced oil components with varying injection pressures. As shown in the figure, the variation in produced oil in C5–C14, C15–C20, C21–C28, and >C28 fractions under air flooding at different injection pressures was relatively minor. Particularly, the produced oil fraction content at low pressure (16 MPa) varied by less than 2% for each hydrocarbon component. In contrast, C5–C14 of the produced oil samples under high pressure (36 MPa) showed a slight decline compared with the initial oil samples, while C15–C20 appeared to increase a bit. It was indicated that the crude oil under high-pressure air flooding caused mild oxidation, resulting in a change in crude oil hydrocarbons toward an increased carbon number. Nevertheless, given the weak changes in the produced oil viscosity, it suggested that the LTO process of crude oil during the subsequent air injection is rather feeble.
[image: Figure 12]FIGURE 12 | Comparison of oil components at various injection pressures.
In the process of crude oil injection air oxidation, not only would the oil phase undergo a series of alterations due to oxidation, such as composition, viscosity, density, and other physical parameters, but the gas phase would also be oxidized, resulting in a downward trend of oxygen concentration. Distillation extraction and decarboxylation reactions could generate a specific concentration of hydrocarbons, CO2, CO, and other gases in the gas phase. Table 4 shows the composition of the produced gas at various injection pressures. Since crude oil was composed of more light hydrocarbons, during the high-temperature air flooding process, air dissolved in the crude oil distills and extracts some of the light hydrocarbons from the oil phase into the gas phase. As a result, the produced gas contains a few components of C1–C5 hydrocarbons (<0.1%). In addition, there was no CO2 and CO generation in the subsequent air drive process, and the residual oxygen amount was above 20.5%. All the above indicated that the oil LTO process in the process of air flooding was so feeble that it could not perform the oil displacement mechanism of flue gas flooding formed by air injection and oxidation for crude oil. In addition, we should pay attention to monitoring the variation in the oxygen content of the produced gas in the field application of oilfield air flooding, to avoid the oxygen not being effectively consumed and mixed with natural gas in the wellbore or surface pipeline, which may lead to safety accidents.
TABLE 4 | Composition of produced gas at various injection pressures during water flooding subsequent to air flooding.
[image: Table 4]4 CONCLUSION
This research focused on the characteristics of crude oil LTO during high-pressure air flooding in low-permeability reservoirs and the evolution mechanism of the development effect of air flooding. Using static oxidation and physical simulation experiments, the following conclusions were obtained:
(1) Elevated oxidation temperatures exacerbated the LTO reactions of crude oil, leading to increased formation of oxygenated derivatives undergoing aromatization, condensation, and polycondensation reactions, resulting in more highly condensed macromolecules. The content of heavy fractions (C21–C28 and >C28) increased. Oxygen consumption during the LTO process increased under high-pressure conditions. High water saturation was unfavorable to the thermal effect and heat diffusion generated by crude oil LTO.
(2) By increasing the air injection pressure to 26 MPa, the air flooding recovery factor of the long core reached up to 41.2%. The recovery factor can be boosted to the economic limit by switching to air flooding after water flooding. The final recovery factor reached 50.92% due to the weak effect of LTO and the influence of gas flushing.
(3) Injection pressure was identified as one of the influencing factors in gas flushing, requiring optimization of the gas injection parameters to avoid premature gas flushing. In actual development, it was necessary to block the gas flow channels to improve the wave efficiency. At the same time, considering the safety of the field, oxygen-reduced air flooding development could be selected to achieve economic efficiency and safety goals.
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